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The deexcitation of the primary hot fragments, produced in the breakup of an excited nuclear
source, during their propagation under the influence of their mutual Coulomb repulsion is studied
in the framework of a recently developed hybrid model. The latter is based on the Statistical Mul-
tifragmentation Model (SMM), describing the prompt breakup of the source, whereas the particle
emission from the hot fragments, that decay while traveling away from each other, is treated by
the Weisskopf-Ewing evaporation model. Since this treatment provides an event by event descrip-
tion of the process, in which the classical trajectories of the fragments are followed using molecular
dynamics techniques, it allows one to study observables such as two-particle correlations and infer
the extent to which the corresponding observables may provide information on the multifragment
production mechanisms. Our results suggest that the framework on which these treatments are
based may be considerably constrained by such analyses. Furthermore, they imply that information
obtained from these model calculations may provide feedback to the theory of nuclear interferome-
try. We also found that neutron deficient fragments should hold information more closely related to
the breakup region than neutron rich ones, as they are produced in much earlier stages of the post
breakup dynamics than the latter.
PACS numbers: 25.70.Pq,24.60.-k
I. INTRODUCTION
The understanding of the underlying physics governing
the copious production of fragments, as a result of not-
too-peripheral collisions between heavy ions at energies
above a few tens of MeV per nucleon, is a challenging task
both from the theoretical and the experimental point of
view [1–3].
Theoretical treatments should, ideally, consider quan-
tum many-body effects in a strongly interacting fermionic
system that reaches stages far from equilibrium. At this
point, the nuclear matter is already hot and compressed
and pre-equilibrium emission starts, prior to a fast ex-
pansion that may drive the system to much lower densi-
ties [4–9]. Since such a complete a treatment is beyond
the present computational capabilities, several theoreti-
cal models, based on simplifying assumptions, have been
proposed, focusing on different aspects of the collision
process. Dynamical models [7–13] are the most ambitious
ones as they generally aim to describe the collision from
the very early phase when the nuclei are far away from
each other to the late stages after the hot fragments have
been created. Assuming that thermal equilibrium is at-
tained after the most violent stages of the reaction, statis-
tical models take the configuration of the decaying source
for granted and, from it, predict the properties of the hot
primary fragment distribution [2, 14–16]. This hypothe-
sis is supported by some dynamical calculations [17, 18],
although deviations have also been pointed out [19] in
others. In spite of their limitations, these approaches
have provided important insights into many aspects of
the multifragment emission process [2, 7–19], although a
clear scenario of the phenomenon has yet to emerge, as
some of the models draw conflicting pictures of it. For
instance, the results reported in Refs. [7, 8] suggest that
the deexcitation of the primary fragments takes place
concomitantly with their creation, whereas a two-stage
scenario, considering a prompt breakup followed by the
deexcitation of the primordial hot fragments, has proven
to be quite successful in describing many experimental
observations [2, 14–16, 20, 21].
The situation from the experimental point of view is
perhaps even more complicated, as they detect the re-
action products after a time span of several orders of
magnitude larger than the time scale associated with
the primary fragment emission [1, 4, 22–28]. Owing
to this fact, most of the quantities observed experimen-
tally are strongly skewed by the decay of the hot frag-
ments produced in the stages one intends to investigate
[14, 16, 20, 21, 29]. Therefore, this fact should be taken
into account in comparisons between model calculations
and experimental observations. This adds further un-
certainties to the understanding of the problem as it re-
quires additional modelling, although there are some ro-
bust observables which are expected to be weakly affected
by the primordial fragments’ deexcitation [30, 31]. De-
spite such difficulties, experimental studies have provided
much important information, which has helped establish
more accurate representations for the actual scenario of
the multifragmentation process [1–3]. Furthermore, a few
2groups have recently developed techniques to reconstruct
information corresponding to the freeze-out configuration
from the final yields [32–37].
Studies based on nuclear interferometry techniques
have played a very important role in determining some
properties of the decaying source [38–41]. Indeed, many
works [38–41] demonstrated that such analyses furnish
information related to the size of the disassembling sys-
tem as well as to the time scale associated with particle
emission. However, contributions associated with the fast
emission of particles originating in the hot phase of the
process and others from the slow component associated
with later stages may lead to ambiguities and inaccu-
rate conclusions. This point has been addressed in recent
studies that pointed out means to disentangle informa-
tion associated with the fast and the slow components of
the two-proton correlation functions [42, 43].
The present study follows this line and focuses on
the contribution to the two-particle correlation functions
built from fragments produced in the prompt breakup of
an equilibrated nuclear source, as well as in their deex-
citation. We employ a hybrid model recently developed
in Ref. [20] in which the Improved Statistical Multifrag-
mentation Model (ISMM) [21] is used to describe the
production of the primary fragments. On an event by
event basis, the latter are allowed to propagate under the
influence of their mutual Coulomb repulsion as they con-
tinuously deexcite while moving away from each other.
Therefore, this treatment allows one to follow the dy-
namics and investigate the contributions associated with
the different stages. The model is briefly sketched in Sect.
II and, in Sect. III, it is applied to the two-particle cor-
relation analysis. The sensitivity of the results to a few
ingredients of the model, such as the fusion cross-section
employed in the calculation of the fragment deexcitation,
is also examined. We conclude in Sect. IV with a brief
summary of our main findings.
II. THEORETICAL FRAMEWORK
As mentioned above, one of the simplified representa-
tions to the complex many-body scenario in which frag-
ments are produced consists in assuming that an equili-
brated source of mass and atomic numbers A0 and Z0,
respectively, is formed at temperature T and breaks up
simultaneously into hot fragments and nucleons. The
former subsequently deexcite emitting lighter fragments
and nucleons, besides gamma rays (not included in this
treatment), while traveling to the detectors.
In the hybrid model developed in Ref. [20], the prompt
breakup stage is described by the canonical version [16,
44] of the ISMM [21], in which the primary hot fragments
are placed inside a breakup volume V = (1+χ)V0, where
χ is a model parameter fixed in this work to χ = 2 and
V0 denotes the source’s volume at normal density. Events
are generated as follows:
: i- A fragmentation mode f is sampled among the possi-
ble ones and its statistical weight Wf is calculated
from the corresponding Helmholtz free-energy.
: ii- The fragments’ momenta {~pi} are assigned accord-
ing to the Boltzmann distribution, subject to the
constraint
∑
i ~pi = 0. Their positions are also sam-
pled inside the breakup volume V , with the con-
dition that
∑
iAi~ri = 0, where Ai stands for the
mass of the i-th fragment. The dynamics starts and
the fragments’ trajectories are calculated using the
Runge-Kutta-Cash-Karp method [45].
: iii- Nuclei of mass number larger than 4, as well as al-
pha particles, are considered as complex structures,
having internal degrees of freedom. Thus the exci-
tation energy E∗i of the i-th fragment of this kind
is sampled with probability:
P (E∗i ) ∝ exp (−E
∗
i /T )ρi(E
∗
i ) ,
where ρi(E
∗
i ) denotes its density of states.
: iv- For a given excitation energy, the total decay width
Γ(Ai, Zi, E
∗
i ) is calculated using the Weisskopf-
Ewing approach [20, 46]. From it, the time ti at
which the fragment decays has probability density:
P˜ (ti) =
Γ(Ai, Zi, E
∗
i )
h¯
exp (−tiΓ(Ai, Zi, E
∗
i )/h¯) .
One should note that t=0 corresponds to the mo-
ment the system disassembles.
: v- During the dynamics, at time ti, one of the possible
decay channels λ is chosen with probability:
Pλ =
Γλ(Ai, Zi, E
∗
i )
Γ(Ai, Zi, E∗i )
,
where Γλ(Ai, Zi, E
∗
i ) symbolizes the partial decay
width associated with channel λ.
: vi- Then, the relative kinetic energy k of the products is
sampled according to:
Pk ∝ kσcC(k)ρC(E
∗
i − k)Θ(Kmax − k) ,
where c (C) denotes the emitted particle (daugh-
ter nucleus), Kmax the largest kinetic energy of the
decay, σcC(k) represents the fusion cross-section of
the inverse reaction c + C → i, and Θ(x) is the
standard step function.
: vii- The decay time tc of C is calculated as in iv above
and the new particles, c and C, are added to the dy-
namics, which continues until the next decay takes
place. When this occurs, we proceed from iv to vii.
: viii- The dynamics is followed until the Coulomb energy
of the system is negligible and all the fragments in
particle unstable states have decayed. One then ob-
tains the final yields and the asymptotic fragments’
momenta.
3FIG. 1. (Color online) Number of fragments of different
species which are created up to time t and do not undergo
subsequent deexcitation, until the asymptotic configuration
is reached. For details see the text.
The emission of fragments with mass number Ac ≤ 20 is
allowed in the deexcitation process.
A large number of events (in this work 108) are gen-
erated following steps i to viii and the average values of
observables are calculated through:
O =
∑
f WfOf∑
f Wf
.
Further details on the model are provided in Ref. [20].
III. RESULTS
We consider the decay of the A0 = 168 and Z0 = 75
source, which corresponds to 75% of the 112Sn + 112Sn
system. This choice is made assuming that 25% of the to-
tal system is emitted in the pre-equilibrium stages, leav-
ing an equilibrated source corresponding to 75% of the
colliding nuclei.
We start by examining the number of fragments pro-
duced up to time t that survive until the asymptotic con-
figuration is reached. One notes from Fig. 1 that a small
fraction (typically ≈ 10%) of the final yields has already
been created in the very early stages (t <∼ 10 fm/c) of the
process and can be associated with the prompt breakup
of the source. In particular, protons are created during
the entire process, beginning with the fragmentation of
the source but not exclusive to it. This suggests that any
information they hold concerning the initial fragment-
taion will be contaminated by the post breakup dynam-
FIG. 2. (Color online) For different species, time interval for
the fragment’s multiplicity to attain (a) 30% and (b) 80% of
the asymptotic value. For details see the text.
ics. To a lesser extent, this conclusion holds for most
species displayed in Fig. 1.
One should, nevertheless, remark that the production
of the neutron deficient carbon isotopes is concentrated
in a relatively small time span, starting right after the
breakup of the source. In contrast, the output of the
other carbon isotopes becomes important roughly when
the population of the neutron deficient ones has reached
its asymptotic value. Although this conclusion might
be somewhat sensitive to the treatment employed to de-
scribe the fragments’ deexcitation, these findings agree
qualitatively with the Expanding Evaporating Source
(EES) Model which predicts that proton rich fragments
are evaporated earlier than proton deficient ones [47]. We
have also performed calculations with GEMINI++ which
agree qualitatively with this conclusion.
In order to provide more quantitative information on
this point, Figs. 2 (a) and (b) respectively exhibit, for
some selected species, the time interval necessary for the
fragment multiplicity to rise up to 30% and 80% of the
asymptotic value. The results reveal that neutron defi-
cient He, Li, and C isotopes are, indeed, associated with
shorter time scales than the neutron rich ones. This is
particularly prominent in the case of C isotopes. One
notes that, except for the latter, the final population
attains appreciable values only after several hundreds
fm/c. Our results, therefore, suggest that there are iso-
topes which should be preferentially exploited in nuclear
thermometry as they are expected to reflect more trust-
worthily properties of the system closer to its breakup
configuration. In the same vein, comparison between the
results obtained with a transport model and the experi-
4FIG. 3. (Color online) (a) Two-proton and (b) two-deuteron
correlation functions calculated using different average Q val-
ues. In frame (a) fragments created within different time
spans after the breakup of the source are considered and in
frame (b) different Q acceptances are used. For details see
the text.
mental data reported in Ref. [48] suggests that the time
span associated with the proton emission is larger than
that corresponding to deuterons. Our model corrobo-
rates this conclusion, as may be observed in Figs. 1 and
2, which show that protons are continuously produced
during the post breakup dynamics. Their emission is a
very important channel over a broad range of excitation
energies.
Next, we examine the correlation between two frag-
ments of momentum ~p1 and ~p2, which is defined experi-
mentally as [38, 42, 43]:
1 +R( ~Q, ~q) = C
Y1,2(~p1, ~p2)
Y1(~p1)Y2(~p2)
, (1)
where C is a normalization constant conveniently cho-
sen so that < R( ~Q, ~q) >→ 0 at large relative momen-
tum ~q = A(~p1/A1 − ~p2/A2). In the previous expres-
sions, A = A1A2/(A1 + A2), ~Q = ~p1 + ~p2, Yi(~p) denotes
the multiplicity of the species i with momentum ~p and
Y1,2(~p1, ~p2) represents the two particle coincidence yield
of the selected species, with momenta ~p1 and ~p2.
Theoretically, the correlation function can be calculated
using the Pratt-Koonin formula [39, 40]
1 +R( ~Q, ~q) =
∫
dt1 d
3~r1 dt2 d
3~r2 Π1(~p1, t1, ~r1)Π2(~p2, t2, ~r2) | φ[~q, ~r1 − ~r2 − (t2 − t1) ~Q/(m1 +m2)] |
2
∫
dt1 d3~r1 dt2 d3~r2Π1(~p1, t1, ~r1)Π2(~p2, t2, ~r2)
, (2)
where Πi(~p, t, ~r) denotes the probability of creating a
particle of species i with momentum ~p, at time t, at
position ~r, and φ symbolizes the scattering wave func-
tion of the pair of particles with relative momentum
q. As described in Ref.[39], the wave function φ is
calculated including contributions of the nuclear po-
tential up to p-waves, using the Reid soft potential
[49] in the case of the proton-proton system. In Ref.
[38], different Woods-Saxon parameterizations are given
for proton-deuteron, deuteron-deuteron, deuteron-alpha,
triton-triton, and proton-alpha systems.
Two-proton and two-deuteron correlation functions
obtained with our hybrid model are displayed in Fig. 3
for different values of Q. One notes that, for Q = 300
MeV/c, R(q) quickly rises from -1 to 0, exhibiting a tiny
bump near q = 20 MeV/c in the two-proton case, in
contrast to the two-deuteron correlation function which
exhibits a noticeable peak around q ≈ 25 MeV/c. In
both cases, the height of the peak increases substantially
if pairs are selected subject to the constraint Q = 500
MeV/c and acceptance ±20 MeV/c. Figure 3(a) also re-
veals that the peak is further enhanced if only fragments
produced within 50 fm/c after the breakup of the source
are considered. This sensitivity shows that the modelling
of the post breakup dynamics may be improved from such
studies. On the other hand, Fig. 3(b) also shows that the
enhancement is almost completely suppressed if large Q
acceptances are employed, in order to increase the statis-
tics within each q bin. One should, therefore, keep in
mind that large Q acceptances may obscure important
features of this analysis.
Since the fusion cross-section employed in the calcula-
tion of the partial decay widths directly affects the emis-
sion rates, we investigate the sensitivity of our model
calculations to this ingredient. Figure 4(a) displays the
two-proton and the two-triton correlation functions ob-
tained using very different parameterizations for the fu-
sion cross-section. One of them (denoted here by σ1) is
the standard one employed in the present hybrid model
[20], whereas the other (labelled σ2) is commonly used in
SMM calculations [50]. In order to illustrate the quanti-
tative differences between the two parameterizations, the
cross-sections for the 3He + 9Be→ 12C process, given by
these prescriptions, are exhibited in Fig. 4(b). One notes
that, in spite of the important differences observed in the
latter figure, the two-particle correlation functions shown
5FIG. 4. (Color online) (a) Two-proton and two-triton cor-
relation functions obtained with the hybrid-model described
in sect. II, using the fusion cross-sections adopted in Ref.
[20], σ1, and that employed in Ref. [50], σ2.(b) Compari-
son between these two fusion cross-sections for the reaction
3He + 9Be→ 12C. For details see the text.
in Fig. 4(a) are very similar. A small peak appears only
in the two-proton case. We have checked that the simi-
larity observed in the two-triton correlation function also
occurs in the case of other light pairs. Therefore, our re-
sults suggest that information on the appropriate param-
eterization for the inverse reaction cross-section used in
such evaporation models is difficult to be obtained from
this analysis.
Finally, we investigate whether the total momentum
~Q = ~p1 + ~p2 of the selected pair may be considered
constant during the dynamics. We therefore evaluate
the difference between ~Q at the moment the particles
were created [ ~Q(t0)] and at the asymptotic configuration
[ ~Q(t∞)]. The corresponding distribution, for all deuteron
pairs which fulfill the acceptance criterion, Q = 500± 20
MeV/c, is displayed in Fig. 5(a). The results show that a
very small fraction of the pairs keep their total momen-
tum unchanged during the post breakup dynamics. Fur-
thermore, the changes are non-negligible when compared
to the total momentum. In order to examine the extent
to which R(q) is sensitive to this property of the frag-
ments’ dynamics, we plot, in Fig. 5(b), the two-deuteron
correlation function calculated through Eq. (2) using the
particles’ momenta at t0 (full line) and the asymptotic
ones (dashed line). One sees that the pronounced bump
associated with the former case is almost entirely sup-
FIG. 5. (Color online) (a) Distribution of | ∆( ~Q) | for
deuteron-deuteron pairs of total momentum ~Q, calculated at
the moment they were created (t0), which fulfills the require-
ment Q = 500 ± 20 MeV/c. (b) Two-deuteron correlation
function calculated using the particles’ momenta values at t0
(full line) and the asymptotic ones, t∞, (dashed line). For
details see the text.
pressed in the latter, which exhibits a rather flat be-
havior. We have checked that, in the two-proton case,
approximately 20% of the pairs keep their momenta un-
changed during the dynamics and that R(q) is fairly in-
sensitive to it. It thus suggests that this point should be
further investigated in order to determine the extent to
which the limitations of this analysis may affect conclu-
sions drawn from different pairs of particles employed in
the calculation of R(q).
IV. CONCLUDING REMARKS
We have investigated the post breakup dynamics of an
excited nuclear source using a hybrid model, recently de-
veloped in Ref. [20]. This model allows one to follow the
dynamics of the fragments on an event by event basis,
as they deexcite while separating under the influence of
6their mutual Coulomb repulsion. Therefore it is suitable
to study two-particle correlations. We have investigated
the time span associated with the production of differ-
ent fragments and found that neutron deficient carbon
isotopes are produced on much shorter time scales than
neutron rich ones. This makes them particularly suited
for the study of the breakup stage, as they hold infor-
mation more closely related to this phase of the process,
in contrast to the others, which are created much later
and keep being produced over much longer periods. Our
results suggest that proton rich fragments should share
this feature, although this property is more pronounced
in the case of C isotopes. We have also studied the Pratt-
Koonin two-particle correlation function for several pairs
of particles. Our results agree with previous calculations
that show that this observable is sensitive to the size of
the source and its decay rate, although it is difficult to
single out, from such analyses, the best parameteriza-
tion for the fusion cross-section employed in the calcu-
lation of the particle decay widths. We also found that
lenient momentum acceptances employed in the selection
of pairs of particles may blur important fingerprints that
appear when stricter acceptances are imposed. Another
important finding is that the total momentum of the pair
of particles ~Q = ~p1 + ~p2 does not remain constant dur-
ing the post breakup dynamics. Instead, we found that
the difference between the asymptotic momentum and
that at t0, when the particles are created, exhibits a
broad bell shaped distribution, whose average value is
non-negligible compared to | ~p1+~p2 | at t0. In the case of
the two-deuteron correlation function, we found its prop-
erties to be distorted by this fact, whereas it only affects
the two-proton correlation function weakly. We therefore
suggest that this aspects need to be further examined.
ACKNOWLEDGMENTS
This work was supported in part by the Brazilian agen-
cies Conselho Nacional de Desenvolvimento Cient´ıfico
e Tecnolo´gico (CNPq), by the Fundac¸a˜o de Amparo a`
Pesquisa do Estado de Sa˜o Paulo (FAPESP) and by the
Fundac¸a˜o Carlos Chagas Filho de Amparo a` Pesquisa do
Estado do Rio de Janeiro (FAPERJ), a BBP grant from
the latter. We also thank the Programa de Desarrollo
de las Ciencias Ba´sicas (PEDECIBA) and the Agencia
Nacional de Investigacio´n e Innovacio´n (ANII) for par-
tial financial support. This work has been done as a part
of the project INCT-FNA, Proc. No.464898/2014-5. We
also thank the Nu´cleo Avanc¸ado de Computac¸a˜o de Alto
Desempenho (NACAD), Instituto Alberto Luiz Coimbra
de Po´s-Graduac¸a˜o e Pesquisa em Engenharia (COPPE),
Universidade Federal do Rio de Janeiro (UFRJ), for the
use of the supercomputer Lobo Carneiro, where the cal-
culations have been carried out.
[1] B. Borderie and M. F. Rivet,
Prog. Part. Nucl. Phys. 61, 551 (2008).
[2] C. B. Das, S. Das Gupta, W. G. Lynch, A. Z. Mekjian,
and M. B. Tsang, Phys. Rep. 406, 1 (2005).
[3] S. Das Gupta, A. Z. Mekjian, and M. B. Tsang,
Adv. Nucl. Phys. 26, 89 (2001).
[4] C. J. Gelderloos, J. M. Alexander, N. N. Ajitanand,
E. Bauge, A. Elmaani, T. Ethvignot, L. Kowalski, R. A.
Lacey, M. Brandan, A. Giorni, D. Heuer, S. Kox,
A. Lleres, A. Menchaca-Rocha, F. Merchez, D. Re-
breyend, J. B. Viano, B. Chambon, B. Cheynis, D. Drain,
and C. Pastor, Phys. Rev. Lett. 75, 3082 (1995).
[5] S. R. Souza and C. Ngoˆ, Phys. Rev. C 48, R2555 (1993).
[6] W. Bauer, J. P. Bondorf, R. Donangelo, R. Elme´r,
B. Jakobsson, H. Schulz, F. Schussler, and K. Sneppen,
Phys. Rev. C 47, R1838 (1993).
[7] A. Ono and H. Horiuchi,
Prog. Part. Nucl. Phys. 53, 501 (2004).
[8] S. Hudan, R. T. de Souza, and A. Ono,
Phys. Rev. C 73, 054602 (2006).
[9] A. Bonasera, F. Gulminelli, and J. Molitoris,
Phys. Rep. 243, 1 (1994).
[10] H. Feldmeier and J. Schnack,
Rev. Mod. Phys. 72, 655 (2000).
[11] J. Aichelin, Phys. Rep. 202, 233 (1991).
[12] G. F. Burgio, M. Baldo, and A. Rapisarda,
Phys. Lett. B 321, 307 (1994).
[13] M. Papa, T. Maruyama, and A. Bonasera,
Phys. Rev. C 64, 024612 (2001).
[14] A. S. Botvina and I. N. Mishustin,
Eur. Phys. J. A 30, 121 (2006).
[15] D. Gross, Phys. Rep. 279, 119 (1997).
[16] J. P. Bondorf, A. S. Botvina, A. S. Iljinov, I. N. Mihustin,
and K. Sneppen, Phys. Rep. 257, 133 (1995).
[17] J. P. Bondorf, A. S. Botvina, I. N. Mishustin, and S. R.
Souza, Phys. Rev. Lett. 73, 628 (1994).
[18] J. Bondorf, O. Friedrichsen, D. Idier, and I. Mishustin,
Nucl. Phys. A 624, 706 (1997).
[19] J. P. Bondorf, H. Feldmeier, I. N. Mishustin, and
G. Neergaard, Phys. Rev. C 65, 017601 (2001).
[20] S. R. Souza, R. Donangelo, W. G. Lynch, and M. B.
Tsang, Phys. Rev. C 97, 034614 (2018).
[21] W. P. Tan, S. R. Souza, R. J. Charity, R. Donangelo,
W. G. Lynch, and M. B. Tsang, Phys. Rev. C 68, 034609
(2003).
[22] J. Bondorf, D. Idier, and I. Mishustin,
Phys. Lett. B 359, 261 (1995).
[23] R. Donangelo and S. R. Souza,
Phys. Rev. C 58, R2659 (1998).
[24] D. Gruyer, J. D. Frankland, E. Bonnet, A. Chbihi,
G. Ademard, M. Boisjoli, B. Borderie, R. Bougault,
E. Galichet, J. Gauthier, D. Guinet, P. Lautesse,
N. Le Neindre, E. Legoue´e, I. Lombardo, O. Lopez,
L. Manduci, P. Marini, K. Mazurek, P. N. Nad-
tochy, M. Paˆrlog, M. F. Rivet, R. Roy, E. Rosato,
G. Spadaccini, G. Verde, E. Vient, M. Vigi-
lante, and J. P. Wieleczko (INDRA Collaboration),
Phys. Rev. C 92, 064606 (2015).
7[25] R. Bougault, J. Colin, F. Delaunay, A. Genoux-Lubain,
A. Hajfani, C. L. Brun, J. Lecolley, M. Louvel, and
J. Steckmeyer, Phys. Lett. B 232, 291 (1989).
[26] M. Louvel, A. Genoux-Lubain, G. Bizard, R. Bougault,
R. Brou, A. Buta, H. Doubre, D. Durand, Y. E.
Masri, H. Fugiwara, K. Hagel, T. Hamdani, F. Hanappe,
S. Jeong, G. Jin, S. Kato, J. Laville, C. L. Brun, J. Lecol-
ley, S. Lee, T. Matsuse, T. Motobayashi, A. Pghaire,
J. Pter, R. Regimbart, F. Saint-Laurent, J. Steckmeyer,
and B. Tamain, Phys. Lett. B 320, 221 (1994).
[27] Z.-Y. He, L. Gingras, Y. Larochelle, D. Ouer-
dane, L. Beaulieu, P. Gagne´, X. Qian, R. Roy,
C. St-Pierre, G. C. Ball, and D. Horn,
Phys. Rev. C 63, 011601 (2000).
[28] Z.-Y. He, L. Gingras, Y. Larochelle, D. Ouer-
dane, L. Beaulieu, P. Gagne´, X. Qian, R. Roy,
C. St-Pierre, G. C. Ball, and D. Horn,
Phys. Rev. C 65, 014606 (2001).
[29] N. Buyukcizmeci, R. Ogul, and A. S. Botvina,
Eur. Phys. J. A 25, 57 (2005).
[30] M. B. Tsang, C. K. Gelbke, X. D. Liu, W. G. Lynch,
W. P. Tan, G. Verde, H. S. Xu, W. A. Friedman, R. Do-
nangelo, S. R. Souza, C. B. Das, S. Das Gupta, and
D. Zhabinsky, Phys. Rev. C 64, 054615 (2001).
[31] S. R. Souza, M. B. Tsang, B. V. Carlson, R. Do-
nangelo, W. G. Lynch, and A. W. Steiner,
Phys. Rev. C 80, 041602(R) (2009).
[32] S. Piantelli, B. Borderie, E. Bonnet, N. L. Nein-
dre, A. Raduta, M. Rivet, R. Bougault, A. Chbihi,
R. Dayras, J. Frankland, E. Galichet, F. Gagnon-
Moisan, D. Guinet, P. Lautesse, G. Lehaut, O. Lopez,
D. Mercier, J. Moisan, M. Prlog, E. Rosato, R. Roy,
B. Tamain, E. Vient, M. Vigilante, and J. Wieleczko,
Nucl. Phys. A 809, 111 (2008).
[33] S. Hudan, A. Chbihi, J. D. Frankland, A. Mignon, J. P.
Wieleczko, G. Auger, N. Bellaize, B. Borderie, A. Botv-
ina, R. Bougault, B. Bouriquet, A. M. Buta, J. Colin,
D. Cussol, R. Dayras, D. Durand, E. Galichet, D. Guinet,
B. Guiot, G. Lanzalone, Lautesse, F. Lavaud, Lecolley,
R. Legrain, L. Neindre, O. Lopez, L. Manduci, J. Marie,
L. Nalpas, J. Normand, M. Paˆrlog, P. Paw lowski, M. Pi-
chon, E. Plagnol, M. F. Rivet, E. Rosato, R. Roy,
J. Steckmeyer, G. Ta˘ba˘caru, B. Tamain, A. van Lauwe,
E. Vient, M. Vigilante, and C. Volant (INDRA Collab-
oration), Phys. Rev. C 67, 064613 (2003).
[34] W. Lin, X. Liu, M. R. D. Rodrigues, S. Kowalski,
R. Wada, M. Huang, S. Zhang, Z. Chen, J. Wang,
G. Q. Xiao, R. Han, Z. Jin, J. Liu, F. Shi, T. Keut-
gen, K. Hagel, M. Barbui, C. Bottosso, A. Bonasera,
J. B. Natowitz, E. J. Kim, T. Materna, L. Qin, P. K.
Sahu, K. J. Schmidt, S. Wuenschel, and H. Zheng,
Phys. Rev. C 89, 021601 (2014).
[35] W. Lin, X. Liu, M. R. D. Rodrigues, S. Kowalski,
R. Wada, M. Huang, S. Zhang, Z. Chen, J. Wang, G. Q.
Xiao, R. Han, Z. Jin, J. Liu, P. Ren, F. Shi, T. Keutgen,
K. Hagel, M. Barbui, C. Bottosso, A. Bonasera, J. B. Na-
towitz, T. Materna, L. Qin, P. K. Sahu, and H. Zheng,
Phys. Rev. C 90, 044603 (2014).
[36] M. R. D. Rodrigues, W. Lin, X. Liu, M. Huang, S. Zhang,
Z. Chen, J. Wang, R. Wada, S. Kowalski, T. Keutgen,
K. Hagel, M. Barbui, C. Bottosso, A. Bonasera, J. B.
Natowitz, T. Materna, L. Qin, P. K. Sahu, and K. J.
Schmidt, Phys. Rev. C 88, 034605 (2013).
[37] X. Liu, W. Lin, R. Wada, M. Huang, P. Ren, Z. Chen,
J. Wang, G. Xiao, S. Zhang, R. Han, J. Liu, F. Shi,
M. Rodrigues, S. Kowalski, T. Keutgen, K. Hagel,
M. Barbui, A. Bonasera, J. Natowitz, and H. Zheng,
Nucl. Phys. A 933, 290 (2015).
[38] D. H. Boal, C.-K. Gelbke, and B. K. Jennings,
Rev. Mod. Phys. 62, 553 (1990).
[39] S. E. Koonin, Phys. Lett. B 70, 43 (1977).
[40] W. G. Gong, W. Bauer, C. K. Gelbke, and S. Pratt,
Phys. Rev. C 43, 781 (1991).
[41] S. Pratt and M. B. Tsang, Phys. Rev. C 36, 2390 (1987).
[42] G. Verde, D. A. Brown, P. Danielewicz, C. K.
Gelbke, W. G. Lynch, and M. B. Tsang,
Phys. Rev. C 65, 054609 (2002).
[43] G. Verde, P. Danielewicz, D. A. Brown, W. G.
Lynch, C. K. Gelbke, and M. B. Tsang,
Phys. Rev. C 67, 034606 (2003).
[44] C. E. Aguiar, R. Donangelo, and S. R. Souza, Phys. Rev.
C 73, 024613 (2006).
[45] J. R. Cash and A. H. Karp,
ACM Trans. Math. Softw. 16, 201 (1990).
[46] V. F. Weisskopf and D. H. Ewing,
Phys. Rev. 57, 472 (1940).
[47] T. X. Liu, W. G. Lynch, M. J. van Goethem, X. D.
Liu, R. Shomin, W. P. Tan, M. B. Tsang, G. Verde,
A. Wagner, H. F. Xi, H. S. Xu, W. A. Friedman,
S. R. Souza, R. Donangelo, L. Beaulieu, B. Davin,
Y. Larochelle, T. Lefort, R. T. de Souza, R. Yanez,
V. E. Viola, R. J. Charity, and L. G. Sobotka,
Europhys. Lett. 74, 806 (2006).
[48] W. G. Gong, P. Danielewicz, C. K. Gelbke, N. Carlin,
R. T. de Souza, Y. D. Kim, W. G. Lynch, T. Mu-
rakami, G. Poggi, M. B. Tsang, H. M. Xu, S. Pratt,
K. Kwiatkowski, V. E. Viola, S. J. Yennello, and J. C.
Shillcock, Phys. Rev. C 47, R429 (1993).
[49] R. V. Reid, Ann. Phys. 50, 411 (1968).
[50] A. S. Botvina, A. S. Iljinov, I. N. Mishustin, J. P. Bon-
dorf, R. Donangelo, and K. Sneppen, Nucl. Phys.A475,
663 (1987).
